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Coronal Structure: Legacy of EUVE

Spectra of cool stars have been acquired with EUVE both through the
Guest Observer Program and from the EUVE data archive, in order to com-
pile a complete set of observations of this major class of objects.

Analysis of the extreme ultraviolet spectra of cool stars has revealed a
surprising new view of stellar coronas that we are just now beginning to
understand. The structures are of high density, high temperature, small,
and stable, and demand high magnetic fields and continuous energy input
for their existence. This is a totally unexpected condition in the extremes
of a hot corona. These features cannot yet be matched by theory. While
loop models are reasonably satisfactory in matching the solar case, they
fail in reproducing the stellar emission measure distributions. Something is
radically different in these stellar coronas (perhaps due to rotation?), and
simple extrapolation from the Sun does not work.

Electron densities at coronal temperatures have been inferred from appro-
priate line ratios. These include iron ions ranging from Fe XIII to Fe XXII.
An early striking discovery from EUVE spectra is the presence of very high
densities (~ 10"2cm™3) at high temperatures (~ 6 x 10°K). Moreover, spectra
from an active RSCVn-type binary, A And reveal density enhancements of
about a factor of 6 above these already high values during a stellar flare.
Electron densities for a number of stars demonstrate that the transition re-
gions and coronas are not at constant pressure. Because several regimes of
pressure may coexist, in what apparently are equilibrium conditions, mag-
netic fields are necessary to confine the plasma. Simple energetics of an ion
in a hot plasma also show that a star with low gravity can not retain a hot
corona. And direct measurement of the wavelength of the Fe XXI (A1354)
line in 2 sources (HR 1099 and Capella) with HST/GHRS demonstrates that
the hot plasma is associated with photospheric velocity of a star, and not
expanding.

The stellar electron densities at high temperatures (T ~ 107K) are high,
102 — 10" ecm™3, when compared to coronal structures found on the Sun.
The scale of the coronal structures can be estimated when N, is known.
The electron density at a given temperature, which in combination with the
emission measure, EM D ~ N2 AVr, assesses the linear scale, viz. (AVz)!/3.
In well-studied cases such as Capella, 44 Boo, and A And, the scales are
much less than a stellar radius. These coronal features must have continued
heating since the radiative cooling times (7,44 = 3nekT/n2¥(T), and ¥(T) ~
5 x 10722 erg s7! cm™3) are short ~ on the order of minutes for these high
densities.



A graduate student, J. Sanz-Forcada, participating in the Smithsonian
Predoctoral program is basing a major part of his Ph.D. thesis on EUVE
spectra in order to provide a similar comprehensive analysis of the cool star
targets of EUVE. A brief version of a longer paper submitted to the ApJ, is
attached.
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EUVE Observations of Lambda Andromedae

J. Sanz-Forcada!’?, N.S. Brickhouse!, and A.K. Dupree!

Abstract.

Extreme ultraviolet spectra (A 70—740) and light curves (AX 75—175)
of the spectroscopic binary system A And (HD 222107), were obtained
with the Extreme Ultraviolet Ezplorer satellite (EUVE) in July and Au-
gust 1997. Two flares were detected during the observations which spanned
15 days, or almost three-quarters of the orbital period of 20.5 days. The
Emission Measure Distribution (EMD) of A And derived from a line-based
analysis, shows an increasing slope with the temperature from 3.1x10% K
through 2.0x 107 K, as well as a remarkable “bump” around T.~10%° K.
During the flares small changes were detected in both the general slope of
the EMD and the height of the bump, but the bump remained very stable
in its temperature. Electron densities of No~ 10?7 ¢cm™3 are indicated
at temperatures of 107 K using Fe XXI and Fe XXII emission features.

1. Introduction

A And (HR 8961, HD 222107) is a nearby non-eclipsing spectroscopic RS CVn
system (d =25.81 pc; Perryman et al. 1997) in whose spectrum only a G8IV—III
star is seen. RS CVn systems are characterized by the strong emission in ul-
traviolet, EUV, and X-ray wavelengths because their high rotation rates cause
a vigorous magnetic dynamo. These are interesting targets for the research in
coronal structure, and so are frequent targets for space observatories (see Mitrou
et al. 1997, Dempsey et al. 1993). A And is the second brightest system of the
RS CVn group, and unusually, has a very different photometric period (54.33 d;
Perryman et al. 1997) from the orbital period (20.5212 d; Walker 1944). It is
expected that the most of the activity seen comes from the primary star in the
system, as the secondary is not detected spectroscopically. This star also shows
a low rotation rate (v-sin i=6.5 km s~!; Donati et al. 1995), and it is likely
(Henry et al. 1995) to have differential rotation based on the variability found
in the photometric period. Henry et al. (1995) calculate an activity period of
11.1 years, and Baliunas & Dupree (1982) find an anti-correlation between Ca II
line intensity and visual magnitude variations, exhibiting maximum strength
in the Ca II lines in coincidence with the faintest phases of the photometric
phase. This suggests a relation between the chromospheric emissions and the
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Figure 1. DS EUVE Light Curve (600 s. binning) for A And as a function
of Julian Date (lower axis) and orbital phase (upper axis) for July/August
1997. At orbital phase 1.0 the unknown secondary star is located behind the
primary star. Points with S/N less than 5 were rejected.

presence of spots in the photosphere of A And (more dark spots in coincidence
with stronger Ca II line emission).

Ortolani et al. (1997) analyze ASCA and ROSAT ) And data. For ASCA
they find that the spectra are well described using a 2-T model, but applying a 2-
T model to the ROSAT data gives lower temperatures. Osten & Brown (1999)
study the general properties of the EUVE flares in several RS CVn systems
among which A And is included.

The EUVE ( Extreme Ultraviolet Ezplorer) satellite is able to detect lines (A)
70—700) formed in material at high temperatures, ranging from 10° to 2x107 K,
thus allowing coronal structure to be determined. Observing time on EUVE was
made available through the Guest Observer Program.

2. Observations

The EUVE observations were taken in two runs from July 30 — August 3, and
August 7 — August 14 1997. Total time on the target amounted to 280 ks. The
time spanned by these observations was 15 days. EUVE spectrographs cover
the spectral range 70-175 A, 150-350 A and 300-700 A for the short-wavelength
(SW), medium-wavelength (MW) and long-wavelength (LW) spectrometers re-
spectively. The Deep Survey Imager (DS) has a bandpass of 80-180 A.



Relative flux

- XXNI/XX

Xvii
= XXt
- Xvin
F XIX
- XVIH

XXt

XX
|- XX

80 100 120 140 160 180
Wavelength (A)

Figure 2. EUVE SW spectrum for A And for the four time intervals
(ABCD) and the summed spectrum. Ion stages of iron are marked in
the top panel.

The EUVE light curve was built from the DS image, by taking a circle of ra-
dius 22 pixels centered on the source, and subtracting the sky background within
an annulus of radii at the pixel 25 and 100 from the center. It was performed
with IRAF standard procedures, the package EUV 1.8, and a binning of 600 s.
The variations observed in the light curve show A And four different temporal
states (denoted by A, B, C, D, with 66562, 32849, 60055, and 123464 s of expo-
sure time respectively) (see Fig. 1). Spectra binned over the DS intervals were
extracted from the three spectrographs. A summed spectrum was constructed
from spectra A-D, which totaled 283,455 seconds.

3. Data analysis

The DS light curve from EUVE has been compared with the orbital and photo-
metric periods. It doesn’t show any cyclic variability, due in part to the existence
of two strong changes in the star’s flux. We interpret the strong changes as flares.
The second flare has the typical exponential decay. But the first flare is a more
atypical flare, with higher flux and a fast decay, in a quasi-symmetric way. V711
Tau showed also a similar behavior in September 1996 (Osten & Brown 1999).
Since the second observing segment begins with a higher flux at the begin-
ning than the flux observed at the end of the first interval, it may indicate that
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Figure 3. N, derived from line ratio diagnostics from two different ion-
ization stages of Fe. The line ratios shown are Fe XXI A102.22/A128.73 and
Fe XXII A114.41/A117.17 for each spectral segment (A-D) and the total. The
observed line ratios are plotted on the theoretical curves with 1-¢ error bars
representing the combined observational errors.

another flare occurred in the gap between the two intervals. The EUVE satellite
was taken from our source to observe a target of opportunity and so we do not
have direct observations of any event.

The EUVE spectra (Fig. 2) show a strong bremsstrahlung continuum below
130 A. Lines between Fe XVIII and Fe XXIV ionization states occur in every
spectrum, and also Fe XVI lines are found with poor S/N in segment D. To
obtain fluxes of the emission lines we performed optimized extractions from the
summed two-dimensional images by removing an averaged background evaluated
on either side of the spectrum, using the software provided in IRAF and the
EGODATA 1.18 reference data set.

To correct the theoretical fluxes for the interstellar hydrogen and helium
continuum absorption, we used log Ny=18.454+0.15 cm™? obtained from direct
measure of hydrogen absorption in the Lyman « line profile with HST/GHRS
(Wood et al. 1996), and a ratio He I/H I=0.09 (Kimble et al. 1993).

The electron density in the corona of A And has been inferred from the ratios
Fe XXI AX 102.22/128.73 and Fe XXII AX 114.41/117.17, giving an average of
the values in every segment and ion of log N, (cm™3)=12.7 (see Fig. 3). The
iron line emissivities were corrected using this value for N.. Atomic models for
Fe XXI and Fe XXII were taken from Brickhouse et al. (1995).

We performed a Lined Based Analysis of the observed lines in order to
calculate the EMD (emission measure distribution, | N.NgdV, where N, and
Np are electron and hydrogen densities, in ¢cm™3) that contributes to create
the observed fluxes. We used the line emissivities calculated from Raymond
(1988) for the IUE lines, and Brickhouse et al. (1995) for the EUVE iron lines.
Theoretical fluxes were calculated (see Dupree et al. 1993, Brickhouse & Dupree
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1998 and references therein), and then compared with the observed fluxes, in
order to obtain the best EMD that fits the observed fluxes within a factor of
two.

The EMD is shown in Fig. 4 for the spectra where the low temperature
segment (log T(K) < 5.3) is defined by the quiescent IUE spectrum for the
segments A, D and the summed spectrum, and the flare IUE spectrum (Baliunas
et al. 1984) is used for segments B and C. Data provided by Ortolani et al. (1997)
have been included also in Fig. 4 to compare with ASCA and ROSAT results.
Fig. 5 shows the comparison among the different segments.

4. Discussion

4.1. Light curve

The EUV light curve was obtained in the same epoch with photometric obser-
vations made by Wasatonic, R. & Guinan, E.F. (1999, private communication).
According to their light curves, the TiO index? is at a high level. The IR magni-
tude (at AA10240) also shows a maximum brightness on the same dates, and the
visual light curve shows a decreasing brightness as the TiO index grows slightly.

This suggests that the primary star of the system exhibits an increasing
number of spots in coincidence with the first flare. After this first flare, the
level of spottedness remains at high levels for the rest of our observations. The
general behavior of the DS light curve shows a high level of activity until the
decay of the second flare, in agreement with the values of N, obtained from the
ratios between iron lines (see below).

There is no EUV modulation associated with the orbital period. Flares
occurred at orbital phases 0.87 and 0.16. No accurate rotational phase can be
given as the rotation period changes slightly in this star from one epoch to
another. From the data obtained by Wasatonic & Guinan, a rotational period
of 54.11 days can be inferred from the visual light curve, close to the value given
by Perryman et al. (1997).

4.2. Electron Density

The high level of bremsstrahlung continuum observable in all the segments for
the SW spectrum is in agreement with the N, values previously mentioned and
with the presence of high ionization state lines, such as Fe XXIV. When we
observe the evolution of the electron density using Fe XXI in the four segments
(see Fig. 3), higher values of the density occur for the flare segment (C) in
contrast with lower values for quiescent segments (D) and the summed spectrum.
This behavior is consistent with the presence of the flares in segments B and
C. Because A And is in a quiescent state for most of the observation, the low
density indicated by the summed spectrum is not surprising. Fe XXII ratios
suggest a higher density than in the Fe XXI plasma, but we can not claim any
change during the flare because of poor statistics.

3This index is useful to measure the likely presence of spots on the photosphere, a numerical
increase in the TiO index corresponds to an increase in the TiO absorption bands at 7190 A
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Figure 4.  Upper figure: EMD for the total EUVE spectrum combined with
the IUE quiescent spectrum. Filled circles are ASCA values, and diamonds
are ROSAT values (Ortolani et al. 1997). Colored lines represent the relative
contribution function {the emissivity function multiplied by the EMD at each
point). Lower figure: Observed to predicted line ratios for the ion stages in
top figure with S/N greater than 3. The broken line denotes a factor of 2.
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Figure 5.  Comparison between the EMD plots for the different segments.

We have estimated the scale size for the feature in which this electron den-
sity is measured by substituting the value of the emission measure for Fe XXI
A102.22 and A128.73. Assuming a stellar radius of R, = 7.5Rg (Donati et al.
1995), the emitting volume is AV = 2.13 x 10%"¢m3, and the scale size factor is

(AV)/3/R,=0.002

4.3. Emission Measure Distribution

The EMD shows a clear bump around log T, (K)=6.9 and a very small one in
log T, (K)=5.1, and seems not to change substantially between the segments.
The changes observed on the lines are well explained by this small changes in
the EMD between different segments. The EMD is less well defined in the range
between log T, (K)=5.4-6.5, where the lack of strong lines results in a more
insecure fitting. The dip at log T. (K)=7.1 can be “raised”, but it results in
higher error levels, and in any case can not be raised to the same level as the
surrounding points. So it confirms the consistency of this bump, also observed
in other stars, as 44i Boo or Capella (Brickhouse & Dupree 1998, Dupree et al.
1993), and seems to be very stable when the EMD is fitted for this system even
during the flares. The changes observed could be well explained by the presence
of more material to form the lines during the flares than in the quiescent segments
(as the interval D).

Values obtained by Ortolani et al. (1997) from ASCA and ROSAT data
using 2-T models, have been included for comparison with the EUVE data, and
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are not noticeably discrepant. Since the 2-T models force all the material to
2 temperatures, the values of the EMD must necessarily be higher than in the
continuous models.

5. Conclusions

o Two flares were observed in detail in the light curve, giving the opportunity
to analyze separately the spectra coming from quiescent and flare intervals.
This analysis showed that the EMD at a given T can vary by a factor of
1.6 to 2.5 among the different segments.

e Fe XXI lines ratios indicate high levels of electron density (~ 5x10%cm=3),
evolving to higher values for the flare segments. (The scale of material at
log T, (K)~7.0 is much less than a stellar radius).

e The existence of a bump around log T, (K)=6.9 is necessary, otherwise
the predicted fluxes show high error. This bump remains very constant
in temperature in the EMD plot at different activity levels, although the
value of the EMD varies by a factor of 2.5.

e )\ And shows similar features to other active stars (Dupree et al. 1993,
Brickhouse & Dupree 1998) with the presence of hot material, an EMD
increasing towards coronal temperatures, and a concentration of material
around log T, (K)~6.8-7.0. A hot tail at log T, (K)~7.2-7.4 is also
required to produce the observed flux of Fe XXIV.
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